OBJECTIVEdTo investigate whether intake of different types of meat is associated with circulating C-reactive protein (CRP) and risk of type 2 diabetes in a prospective cohort study.
S
ince the prevalence of type 2 diabetes has increased rapidly over the last decades, investigations into the effect of dietary and other lifestyle factors on type 2 diabetes have become important (1) . One of the dietary factors of interest is meat. Three meta-analyses of prospective cohort studies showed that intake of processed meat is associated with a higher risk of type 2 diabetes (2-4). For red meat, two of these meta-analyses observed an adverse association (2, 4) , whereas one did not (3) . For poultry, no data from metaanalyses were available. Results from six prospective studies on poultry, however, showed that it is not likely that poultry is associated with a higher risk of type 2 diabetes; three studies observed an inverse association (5-7), whereas three did not observe an association (8) (9) (10) .
Intake of red meat and processed meat may increase risk of type 2 diabetes by mechanisms that increase circulating proinflammatory markers. Positive associations have been observed between red meat or processed meat and the proinflammatory blood marker C-reactive protein (CRP), which in turn has been associated with higher risk of type 2 diabetes (11, 12, 13) . The positive association between intake of meat and CRP might be explained by several biological pathways. The binding capacity of iron in the body could be exceeded by the intake of meat, which contains high amounts of heme iron. Free iron can increase oxidative stress, thereby acting as proinflammatory agent (14) . Advanced glycation end products (AGEs), which occur naturally in meat and are formed through heat processing (15) , may also have proinflammatory actions (16) . Thus, the observed positive associations between intake of red meat and processed meat and CRP, and CRP and risk of type 2 diabetes may indicate that CRP mediates the association between intake of meat, especially red and processed meat, and risk of type 2 diabetes. Therefore, we investigated whether intake of red meat, processed meat, and poultry was associated with CRP and risk of type 2 diabetes in a Dutch population.
RESEARCH DESIGN AND METHODS

Study population
The current analysis was conducted within the Rotterdam Study. The Rotterdam Study is a population-based prospective cohort study among inhabitants of Ommoord, a district of the city of Rotterdam, the Netherlands (17) . In 1990, all inhabitants of this district who were $55 years of age were invited for participation (n = 10,215). Of the 7,983 responders (78%), 2,339 did not fill out a dietary questionnaire, 209 did not provide sufficient dietary data, 516 had type 2 diabetes at baseline, 448 did not have sufficient data on CRP, and 105 did not have sufficient information on follow-up time or other covariates (Fig. 1) . Hence, 4,366 participants were included in the current analysis. Compared with participants who were included in the analysis, people who were excluded tended to be older (74. 6 ; P = 0.51). The association between CRP and risk of type 2 diabetes was studied in 4,092 participants because we excluded participants with missing data on waist circumference (n = 253), systolic and diastolic blood pressure (n = 17), and HDL cholesterol (n = 4) (Fig.  1) . The Medical Ethics Committee of Erasmus Medical Center approved the study. All participants gave informed consent.
Meat intake and other dietary covariates Dietary assessment was performed at baseline (1990-1993) and comprised two steps: first, participants had to mark the foods and drinks they had consumed at least twice a month in the preceding year on a self-administered questionnaire at home; and second, at the research center, a trained dietitian obtained accurate information on the amount of foods and drinks indicated on the questionnaire using a semiquantitative food frequency questionnaire (18) . This food frequency questionnaire comprised 170 food items in 13 food groups and additional questions about prescribed diets.
The food items included the intake of meat products, through which the intake of red meat, processed meat, and poultry could be calculated in grams per day. Total meat included red meat (e.g., beefsteak and pork fricandeau), processed meat (e.g., sausage and cold cuts), and poultry (e.g., chicken). Processed meat included meats that were preserved by smoking, curing, salting, or addition of preservatives. For the analysis, types of meat were adjusted for energy according to the residual method.
Intake of all food items was converted into total intake of energy and nutrients using the Dutch Food Composition Table 1993 (NEVO). Intake of fiber was derived from the next version of this table (NEVO 1996) because data on fiber were not sufficient in 1993.
CRP
Nonfasting serum samples were collected at the research center at baseline. These samples were immediately put on ice and processed within 30 min. High-sensitivity CRP was measured using a rate nearinfrared particle immunoassay (IMMAGE Immunochemistry System; Beckman Coulter, Fullerton, CA). The procedure has been described in more detail elsewhere (19) . CRP concentrations .10 mg/dL at baseline were excluded because these higher concentrations reflect acute rather than chronic inflammation.
Diabetes prevalence and incidence
Participants were considered a prevalent diabetic case subject when they used antidiabetes medication or had a nonfasting or postload glucose concentration $11.1 mmol/L.
During follow-up, information from general practitioners, pharmacies' databases, and follow-up examinations in 1993-1995, 1997-1999, and 2002-2004 was used to identify cases of diabetes. Participants were considered an incident diabetes case when they were registered by a general practitioner as having type 2 diabetes and had at least one of the following four criteria: plasma glucose concentration $7.0 mmol/L, random plasma glucose concentration $11.1 mmol/L, antidiabetes medication, and/or treatment by diet. Diabetes cases were monitored until July 2005.
Nondietary covariates
General information (e.g., smoking status, education level, and family history of type 2 diabetes) was obtained with a questionnaire at baseline. A family history of type 2 diabetes was defined as having a parent, sibling, or both with type 2 diabetes. Information on energy expenditure (kcal/day) was obtained with a physical activity questionnaire (Longitudinal Aging Study Amsterdam Physical Activity Questionnaire) during follow-up from 1997 to 2000 for 3,244 participants of our study population. Consequently, energy expenditure could be used as a measure of physical activity in those participants.
Information on cardiovascular risk factors of each participant was obtained by clinical examinations during a visit at the research center at baseline. Height and weight were measured and BMI (kg/m 2 ) was calculated. Waist circumference (cm) was measured at the level midway between the lower rib margin and the iliac crest with the participant in a standing position. Blood pressure was measured twice at the right brachial artery with a random-zero sphygmomanometer with the participant in a sitting position. The mean of two consecutive measurements was used. Hypertension was defined as systolic blood pressure $140 mmHg, and/or diastolic blood pressure $90 mmHg, and/or use of blood pressure-lowering medication.
Serum total cholesterol was determined in blood samples with an automated enzymatic procedure using Roche CHOD-PAP reagent agent. HDL cholesterol was measured with Roche HDL cholesterol essay using polyethylene glycol-modified enzymes and dextran sulfate. Data analysis Descriptive data were expressed as mean (SD), median (Q 1 -Q 3 ), or percentage by the lowest and highest category of types of meat intake.
The association between intake of energy-adjusted types of meat per 50-g increase and ln(CRP) was investigated using linear regression models. CRP was transformed logarithmically to achieve a symmetric distribution. Adjustments were made for age (years), sex, family history of diabetes (yes or no), diet prescription (yes or no), smoking (current, former, or never), intake of energy (kcal/day), intake of energyadjusted carbohydrates (g/day), intake of energy-adjusted polyunsaturated fatty acids (g/day), intake of alcohol (0, .0-10, .10-20, or .20 g/day), intake of energyadjusted fiber (g/day), intake of energyadjusted milk products (g/day), intake of energy-adjusted cheese (g/day), intake of soya (consumers or nonconsumers), intake of fish (nonconsumers and approximate tertiles), and intake of tea (g/day).
The association between CRP and risk of type 2 diabetes, as shown previously in the Rotterdam Study (n = 5,901) (19) , was verified in our subpopulation of the Rotterdam Study (n = 4,093; n cases = 423; median follow-up time = 11.0 years). Adjustments were made for age (years), sex, BMI (kg/m 2 ), waist circumference (cm), HDL cholesterol (mmol/L), systolic blood pressure (mmHg), and diastolic blood pressure (mmHg).
After obtaining the associations between intake of meat and CRP and CRP and risk of type 2 diabetes, we could further study the potential mediating effect of CRP on the association between energy-adjusted types of meat and risk of type 2 diabetes (n = 4,366; n cases = 456; median follow-up time = 12.4 years).
Intake of red meat was divided into quartiles based on the population distributions of intake. As processed meat and poultry were not used by a considerable number of participants, intake of processed meat and poultry were divided into four categories: nonconsumers and approximate tertiles based on the population distributions of intake. After testing the proportional hazards assumption, Cox proportional hazards models were used to calculate relative risks (RRs) and 95% CIs. The RR expressed the risk relative to the lowest category. The crude model included the intake of meat but was not adjusted for any covariate. In addition to intake of meat, model 1 included five other covariates as follows: age (years), sex, family history of diabetes (yes or no), diet prescription (yes or no), and smoking (current, former, or never). Model 2 was similar to model 1 with additional adjustment for intake of five dietary factors and five food products as follows: energy (kcal/day), energy-adjusted carbohydrates (g/day), energy-adjusted polyunsaturated fatty acids (g/day), alcohol (0, .0-10, .10-20, or .20 g/day), energyadjusted fiber (g/day), energy-adjusted milk products (g/day), energy-adjusted cheese (g/day), soya (consumers or nonconsumers), fish (nonconsumers and approximate tertiles), and tea (g/day). Types of meat were adjusted for each other.
To investigate the potential mediating effect of CRP on the association between types of meat and type 2 diabetes, baseline ln(CRP) (mg/dL) was added to model 2 as an additional covariate. In addition to ln(CRP), BMI (kg/m 2 ) was included in a second additional model.
To investigate potential effect measure modification by sex or BMI, an interaction term between types of meat and sex or BMI was included in model 2 with additional adjustment for ln(CRP) and BMI. Sensitivity analyses were performed by excluding vegetarians (n = 33), participants who developed type 2 diabetes within 2 years of follow-up (n = 437), or participants with coronary heart disease at baseline (n = 514), but none of them changed the interpretation of the results.
Tests for trend across categories were performed by assigning the median value for each category to each participant and modeling this variable as a continuous variable. All statistical analyses were performed in SAS (version 9.1; SAS Institute, Cary, NC). A two-sided P value #0.05 was considered as statistically significant for all analyses.
RESULTSdMeat was eaten by nearly all participants (99.2%). Red meat was the main type consumed (98.7%), followed by processed meat (88.2%) and poultry (75.6%). The relative contribution of red meat to total meat was 68%, of processed meat 19%, and of poultry 13%. Mean total meat intake was 112 g daily (SD 45). The highest category of red meat and processed meat included more men, smokers, participants with a larger BMI, and soya eaters than the lowest category (Table 1 ). In contrast, the highest category of poultry included fewer smokers and soya eaters than the lowest category, and the sex distribution did not differ between the highest and lowest category of poultry (Table 1) .
In line with the higher CRP concentration observed in the highest category of processed meat intake compared with the lowest (1.7 vs. 1.5 mg/dL) ( Table 1) , linear regression analysis showed that a 50-g higher intake of processed meat was associated with a higher CRP concentration after adjustment for dietary factors and other lifestyle factors (model 2) ( Table 2) . Intake of red meat and poultry was not associated with CRP. As intake of processed meat was associated with CRP and our analysis confirmed that CRP at baseline was associated with a higher risk of Values are b-coefficients with standard error of the estimate (SEE). Model 1, adjusted for age, sex, smoking, diet prescription, and family history of diabetes; model 2, as model 1 with additional adjustments for intake of energy, energy-adjusted carbohydrates, energy-adjusted polyunsaturated fatty acids, energy-adjusted fiber, energy-adjusted milk, energy-adjusted cheese, soya, fish, alcohol, and tea. Red meat was also adjusted for intake of processed meat and poultry, processed meat was also adjusted for intake of red meat and poultry, and poultry was also adjusted for intake of red meat and processed meat. , and heme iron) were added to the model one by one, but inclusion of these components did not change the interpretation of the results.
On the basis of P for interaction, the association between intake of red meat (P interaction sex = 0.29; P interaction BMI = 0.83), processed meat (P interaction sex = 0.26; P interaction BMI = 0.49), or poultry (P interaction sex = 0.07; P interaction BMI = 0.93) and risk of type 2 diabetes did not differ by sex and BMI.
CONCLUSIONSdIn this prospective cohort study of Dutch adults, high intake of processed meat was associated with a higher risk of type 2 diabetes compared with no intake of processed meat, independently of CRP and BMI. Therefore, CRP does not appear to be an intermediate. Intake of red meat and poultry was not associated with risk of type 2 diabetes.
Strengths of our analyses included the prospective design, the inclusion of verified cases of diabetes, and the extensive information on potential confounders that minimized the presence of residual confounding.
The adverse association between intake of processed meat and risk of type 2 diabetes observed in the current study is in line with a meta-analysis conducted by Aune et al. (2) (RR highest vs. lowest category 1.41 [95% CI 1.35-1.60]). The observed higher risk could be attributed to components present in processed meat, such as AGEs. AGEs, which are naturally present in meat and formed in meat through heating, have been associated with insulin resistance (20, 21) and type 1 diabetes (22) in animal models. In addition, treatment with AGE inhibitor reduced risk of type 2 diabetes in mice (23) . A 6-day, randomized, crossover trial, however, did not Model 1, adjusted for age, sex, smoking, diet prescription, and family history of diabetes; model 2, as model 1 with additional adjustments for intake of energy, energy-adjusted carbohydrates, energy-adjusted polyunsaturated fatty acids, energy-adjusted fiber, energy-adjusted milk, energy-adjusted cheese, soya, fish, alcohol, and tea. Red meat was also adjusted for intake of processed meat and poultry, processed meat was also adjusted for intake of red meat and poultry, and poultry was also adjusted for intake of red meat and processed meat. PY, person-years.
observe differences in changes in serum glucose concentration between a highand low-AGE diet in participants with diabetes (24) . AGEs might influence risk of type 2 diabetes by its proinflammatory properties (16) . A crossover study showed that compared with a low-AGE diet, a high-AGE diet increased concentration of plasma CRP in participants with diabetes (25) . In line with these findings, a randomized trial showed that circulating inflammation markers increased after eating a high-AGE diet for 6 weeks compared with eating a low-AGE diet (26) . As intake of processed meat was not associated with CRP concentrations, however, our study did not find clear support for an inflammatory pathway through which processed meat increased risk of type 2 diabetes. In line with our findings, a cross-sectional study among children and adolescents living in the U.S. showed that the intake of processed meat was not higher in children with a CRP concentration of .3 mg/dL than those children with a CRP concentration of ,1 mg/dL (27) .
The higher risk observed for processed meat may also be explained by additives, e.g., nitrites, as processed meat contains more additives than other types of meat (28) . Nitrites may be converted to nitrosamines within the food product or stomach by interaction with amines (28) . These nitrosamines are of concern in the development of diabetes. Intake of nitrosamines was associated with type 1 diabetes in children (29) (30) (31) (32) and decreased insulin secretion in animals (33) . The role of nitrosamines in the etiology of type 2 diabetes is less clear. Low doses of streptozotocin, a nitrosaminerelated compound, combined with dietaryinduced insulin resistance, however, resulted in metabolic conditions in mice that are similar to type 2 diabetes in humans (34, 35) .
The higher risk may also be explained by the higher content of saturated fat (36) , whereas it is not likely that the higher risk is explained by a higher iron intake associated with processed meat. Processed meat does not contain more iron compared with red meat for which we did not observe a higher risk after adjusting for BMI.
The point estimate for red meat (RR 1.18), however, was in line with the point estimate (RR highest vs. lowest red meat category 1.21) observed in the meta-analysis conducted by Aune et al. (2) . Without adjusting for BMI, however, a higher risk was observed for red meat as well. As additional adjustment for CRP or heme iron in our analysis did not appreciably attenuate the association for red meat, it is not likely that heme iron explained the observed association either by its direct effect on glucose metabolism or via an inflammatory pathway (14) .
The small variation in intake of poultry may explain why an association between intake of poultry and risk of type 2 diabetes was not found in the total population. Our risk estimate in the highest category of poultry intake in the total population after inclusion of CRP and BMI, however, was comparable with RRs reported by studies showing inverse associations (5-7). A potential inverse association may reflect a "healthy diet" rather than a direct effect of consuming poultry. We were able to adjust for a range of lifestyle factors, including dietary factors, through which confounding due to a healthy diet was minimized.
Another explanation for the absence of an adverse association of poultry may be its effect on CRP. Dietary patterns, including high loadings on poultry, have been related to lower CRP concentrations (37) (38) (39) . In the current study, however, it is not likely that CRP mediates the association between intake of poultry and risk of type 2 diabetes as additional adjustment for CRP did not affect the risk estimates.
Some limitations of the current study should be mentioned. First, information on dietary intake was obtained once. It could be that participants changed their diet through follow-up. However, exclusion of participants who are likely to change their diet during follow-up because of previous illness did not change the results. Second, misclassification of type and amount of meat could have occurred. As measurement error from dietary assessment was unlikely to be related to diabetes end point, it is likely that misclassification of meat intake was rather nondifferential than differential and would have attenuated observed associations overall, if present. Third, it is questionable whether BMI should be included in the model when investigating the association between red meat and risk of type 2 diabetes. As BMI may reflect an unhealthy lifestyle, BMI can be a confounder and, therefore, should be included in the model. If BMI is an intermediate, however, inclusion of BMI in the model will underestimate the association. BMI could be considered as intermediate because BMI is a major risk factor for diabetes and intake of red meat was associated with weight gain (40) . Fourth, we may have missed undiagnosed cases of diabetes, because diabetes incidence was derived from general practitioner registration. Based on the descriptive tables, we can assume that undiagnosed diabetes may also have been higher in the high red meat and processed meat categories, and in this case, our results may even have been attenuated toward the null.
In conclusion, intake of processed meat was associated with higher risk of type 2 diabetes. It does not appear likely that CRP mediates this association. The underlying mechanism by which processed meat may increase risk of type 2 diabetes requires further investigation.
